Estimates of visual field topographies in human visual cortex obtained through fMRI traveling wave techniques usually provide the parameters of population receptive field (pRF) location (polar angle, eccentricity) and receptive field size. These parameters are obtained by fitting the recorded data to a standard model population receptive field. In this work, pRF profiles are measured directly by back-projecting preprocessed fMRI time-series to sweeps of a bar across the visual field in different angles. The current data suggest that the model-free pRF profiles contain information not only about receptive field location and size but also about the pRF shape characteristics. The elongation (ellipticity) of pRFs decreases along the early visual hierarchy to a different degree for the ventral and the dorsal stream. Furthermore, ellipticity changes as a function of eccentricity. pRF orientation shows a high degree of collinearity with its angular position within the visual field.
| I N TR ODU C TI ON
The primate visual cortex has a columnar anatomical and a retinotopic functional organization (Felleman and Van Essen, 1991; Hubel et al., 1977) . A key finding is that at a broader level the same organization pattern can be deducted from recordings of the integrated signal of a large population of neurons (Engel et al., 1997; Victor et al., 1994) .
Consequently, single cells show similar receptive field characteristics as a population response from the same visual cortex region (Wandell, 1999) . Functional magnetic resonance imaging studies typically use a moving visual stimulus to elicit a wave of cortical excitation to gather spatial information of the population receptive field (pRF) (Engel et al., 1994) . As previously shown, the absolute location of maximal excitation within the visual field for each voxel covering the visual cortex could be inferred on a single subject basis (Engel et al., 1997; Sereno et al., 1995) . This method was then extended to estimate the size of the excitatory visual field area using models to fit the fMRI time series (Amano et al., 2009; Dumoulin and Wandell, 2008) . Several developments in pRF modeling differ on how to measure the two basic receptive field parameters: location and size (Lee et al., 2013; Zuiderbaan et al., 2012) . Although the accuracy of pRF parameter estimates increased, additional spatial characteristics of the receptive field have not been measured on the population level yet. Importantly, the receptive field shape of single cells within the primary visual cortex differs considerably from the round Gaussian distribution usually used in model based pRF estimation (Amano et al., 2009; Dumoulin and Wandell, 2008) , but instead exhibits a strong spatial elongation (Anzai et al., 2007; De Valois et al., 1982; Gilbert and Wiesel, 1985; Jones et al., 1987) .
The main idea of this study builds on the notion that the single cells' receptive field characteristics like location and size are mirrored at the population level. Consequently, the aim was to measure the spatial population receptive field parameters of ellipticity (a measure of elongation of a circle along the diameter to form an ellipse) and elongation direction (the direction of the above mentioned elongation of the ellipse). To use the maximum amount of available information with respect to the spatial structure of each receptive field, the pRF profiles were measured directly, in a model-free way, using the back-projection approach. Systematic variations of the spatial receptive field parameters were investigated with regard to the visual field representation across the visual hierarchy.
| M A TE RI A L S A ND M E TH ODS

| Subjects
Nine healthy adults with a mean age of 30.1 years (r5 4:9) participated in the functional MR measurements. The experiment was approved by the local ethics board and all subjects gave written informed consent before the measurement. Three subjects performed two sessions of the population receptive field measurements in an interval of at least two weeks to assess the reliability of the method and the analyzed receptive field characteristics.
| Stimulation
Standard moving bar stimuli for population receptive field estimation (Amano et al., 2009; Dumoulin and Wandell, 2008) were used. In detail, a circular aperture of 208 visual angle diameter constituting of a flickering checkerboard (8 Hz) with checks of 0.88 3 0.88 size appeared on a uniformly grey background. This aperture was revealed by a slowly drifting (0.718/s) bar of 18 width with varying rotations relative to the center of the aperture. One swipe took 28sec to complete and was immediately followed by a swipe of a different rotation. One run consisted of 15 consecutive swipes in incremental steps of 248. Subjects' task was to fixate a small white dot with black surrounding in the middle of the aperture throughout the trial. To ensure proper fixation as well as general engagement, subjects were asked to monitor infrequent brief inversions of that fixation dot (to black dot with white surrounding) and to verbally report the observed number of inversions after each run. Such inversions occurred randomly every 3-15 s.
| fMRI
For each session, six runs of 220 functional scans were acquired using a T2 echo-planar pulse sequence (2.0 3 2.0 3 2.0 mm, TR 5 2,000 ms, TE 5 30 ms, FA 5 908, FOV 5 256 mm) on a 3 T Siemens Prisma scanner. The occipital lobe was covered with 28 slices, arranged perpendicular to the calcarine fissure. Additionally, for each subject a highresolution MPRAGE structural image was recorded (1.0 3 1.0 3 1.0 mm, TR 5 2,500, FA 5 08, FOV 5 256 mm). This structural T1 was used for a subsequent cortical surface reconstruction.
| pRF backprojection
The preprocessing of the functional images using SPM8 (Welcome Department of Cognitive Neurology, University College London, UK) included slice-time correction to the first slice, spatial realignment of images within each run to the first image of that run and subsequently to the first image of each session to correct for motion artifacts and smoothing of the resulting functional images with a gaussian filter of 2 3 2 3 2 mm FWHM. The population receptive field back-projection and subsequent measurements were performed using custom-made code using MATLAB 7.9 (Mathworks).
To gather each voxels two-dimensional receptive field profile, its time-course was first extracted and subsequently detrended and zscored for each run separately. The signal of each run was upsampled to 60 Hz and deconvolved with the standard SPM hemodynamic response function. By applying this Weiner filtering, a realistic integrated spatial response p x ð Þ for each position of each swipe rotation x accounting for the hemodynamic delay and smoothing can be assumed.
The reconstruction of the two-dimensional pRF profile was performed by back-projecting the one-dimensional response functions p x ð Þalong their respective swipe rotations onto the two-dimensional stimulus space ( Figure 1a) .
The resulting population receptive field profiles were used to measure pRF characteristics. The center of the receptive field was defined as the point of maximum signal within the profile. Polar angle and eccentricity for the receptive field were derived from there ( Figure 1b (1)). Next, a circular region around this maximum was defined to cover the receptive fields' shape: The modulated image moment as a function f(r) of radius was calculated by defining the mean signal within the circular region centered on the maximum of the profile of each r as the ratio between the squared integrated signal of that region P I r ð Þ 2 and its size pr shows its first minimum (Figure 1b(2) ). By considering the mean integrated intensity distribution as a function of radius, an extensive circular coverage of receptive field profiles that are non-Gaussian and incoherent in shape could be ensured. These assumptions are similar to those of peak width measurements in beam profiles with multimodal marginal distributions by second moment intensity measurements (Siegman, 1997) .
Finally, the ellipticity and orientation of elongation were derived from the maximum signal intensity along each swipe rotation ( Figure   1b(3) ). The orientation of elongation was defined as the swipe rotation with the maximum mean response signal within the previously measured circular RF region. Therefore, here the RF characteristic of orientation of elongation is a discrete measure of angle in 15 steps between 0 (08) and pi (1808) with a minimum interval of 0.21 (128). The ellipticity was defined as the ratio between that maximum mean signal of the swipe rotation of elongation and the mean signal of the orthogonal swipe rotation within that region.
Voxel maps with the final pRF characteristics were co-registered to the T1-image and projected onto the reconstructed surface.
| Statistical analysis
All analyzed data were derived from the pRF characteristics projected to the individual surface space. For each subject twelve visual regions of interest were manually defined within the surface space using the measured polar angle maps. The dorsal and ventral early visual areas (V1, V2, and V3) for the left and right hemispheres were outlined using the boundaries defined by polar angle reversal. The pRF characteristics were subsequently extracted for each single regions' vertices.
To examine the reliability of the applied RF measurement methods, three subjects took part to a second session about three weeks after the first session. The measured pRF parameters of the second session were extracted from the same ROIs defined in the first measurement.
All vertex values acquired in the first session were subsequently correlated with those of the second session, separately for each of the five parameters (eccentricity, polar angle, size, elongation orientation, and ellipticity) and each of the 12 regions (V1, V2, and V3 along ventral/ dorsal pathway and left/right hemisphere). The circular correlation coefficient was applied for the angular parameters of polar angle and orientation of elongation (Fisher and Lee, 1983) to assess the degree of intersession reliability.
The circular visual field (covering the stimulus aperture) was used as a universal reference space, onto which all pRF parameters and subsequent analysis results for each vertex were projected, based on each vertex' pRF polar angle and eccentricity measurements. Therefore, pRF parameters could be investigated across subjects irrespective of individual differences in shape and size of visual cortices. The eccentricitymeasure was scaled between 0 (08) and 1 (108) and categorized into five equal-spaced ranges for use as within subject factor in all subsequent repeated measures ANOVAe.
First, the well-described pattern of the standard pRF characteristic of size using the current back-projection method was verified. A twofactorial repeated measure ANOVA was used to examine the course of pRF size across different visual areas (V1/V2/V3) and eccentricities (ecc1-ecc5). Subsequently the degree of ellipticity was analyzed across visual areas (V1/V2/V3), eccentricity (ecc-ecc5) and pathway (ventral/ dorsal) using a three-factorial rANOVA. Post-hoc statistics focused on the interaction of the ellipticity index between increasing visual hierarchy and pathway.
Next we described the relationship between the orientation of RF elongation and the axial position of that RF within the visual field (e.g., its polar angle) using the circular correlation coefficient as a collinearity measure. This relationship was illustrated using a scatterplot along a flattened three-dimensional torus as suggested by Fisher and Lee, (1983) . A two-way repeated measures ANOVA with the three-level factor of visual area (V1/V2/V3) and the five-level factor of eccentricity (ecc1-ecc5) was used to reveal differences in the degree of collinearity across the visual hierarchy. Beyond the degree of collinearity the actual absolute relation between angular position and orientation is also of interest. To carve out the phase-shift between angular position and orientation of pRF elongation, the distribution of the absolute differences between those two parameters across visual hierarchy and eccentricity was examined and tested against zero degree. All analyses results are also shown for one exemplary subject to illustrate the applicability at single subject level. For factors with more than two levels greenhouse-Geisser correction was applied. 18.48; p < .003) and for 88-108 (F(1,8) 5 23.49; p < .001). Figure 2c shows scatterplots of the collinearities within this eccentricity range To carve out the nature of this correlation, the distribution of absolute differences between orientation and axial position was examined. A systematic phase shift between orientation angle and polar angle was investigated. For each area and eccentricity range the preferred phase shift was drawn from the mode of the absolute difference distribution ( Figure 2d ). Angular differences were tested using a twoway rANOVA across area (V1/V2/V3) and eccentricity range (ecc1-ecc5) and did not show significant changes across areas (F(2,16) 5 1.64; p > .2), but across eccentricities (F(4,32) 5 13.79; p < .001). For the eccentricity range of maximum collinearity the absolute differences between polar angle and orientation were closest to 08. Subsequent t tests for each eccentricity range showed no significant deviation from 0.21 (128) of the phase differences for the ranges of 48-68 (t(8) 5 0.79, p > .4) and 68-88 (t(8) 5 1.67, p > .13). Note that the variable of orientation of elongation was acquired in 15 discrete steps of 248 along 08-3608, thus 128 along 08-1808. Therefore, minimum phase differences were tested against 128 (not 08). Figure 2d shows the phase shift distributions for eccentricity-ranges with maximum collinearity and each visual area collapsed across all subjects.
| R E SU LTS
Next, a second set of measures for three subjects were used to assess the between-session reliabilities of the investigated receptive field parameters. The eccentricity measurements were highly reliable with a mean reliability of 0.92, 0.87, and 0.92 for the three subjects, Additionally, one subject showed very low reliability for the most elongated fields in V2.
Nevertheless, the described methods are sensitive and able to identify the investigated population receptive field characteristics at single subject level. An exemplary subject is shown in Figure 4 .
| D I SCUSSION
The aim of this study was to employ the population receptive field back-projection method with fMRI to characterize receptive field proprieties other than the size and location. Using simple model free image statistics upon the two-dimensional receptive field profiles, standard pRF parameters of location and size could be measured with high reliability, across visual areas, and across the visual field up to eccentricities of 108. Within-subject reliabilities of these measures across sessions, separated by several weeks, were higher compared to previous reports using model-based pRF measurements (van Dijk et al., 2016) . However, intersession reliabilities were only assessed in three subjects in this study, they may however drop with a higher number of subjects.
Using the maximum signal intensity within the two-dimensional pRF profile as the receptive field location lead to ordinary and robust patterns of polar-angle and eccentricity maps which allowed for an accurate identification of visual field maps within the visual cortex (Dumoulin and Wandell, 2008; Sereno et al., 1995) .
The current measures for receptive field size are different from previous results in three ways. First, the increase in size as a function of eccentricity was not as steep as reported in studies using direct fit model-based estimates (Amano et al., 2009; Dumoulin and Wandell, 2008; Wandell and Winawer, 2015) , in which pRF sizes for lower visual cortices usually increase roughly twofold from 18 to about 88 eccentricity. Interestingly, another study, using model-free back-projection as well, has made a similar observation of a fairly flat RF size increase, probably due to resolution limits at lower eccentricities (Greene et al., 2014) . Furthermore, the current values for receptive field size measurement exceed previous population estimates by at least a factor of two.
This discrepancy most likely results from the different definitions of pRF size of model-based approaches and the current back-projection measurements. Receptive field size estimates are usually based on the standard deviation of a Gaussian model fit to the data. This definition roughly covers the half maximum of the excitatory RF profile, resulting in sizes for early visual areas ranging between 0.58 and 38 (Amano et al., 2009; Dumoulin and Wandell, 2008; Wandell and Winawer, 2015; Zuiderbaan et al., 2012) . However, taking into account the suppressive surround, the diameter between profile intensity minimums increases the size estimates for the same regions up to 138 (Zuiderbaan et al., 2012) . The current study used beam width measurements of a circular intensity distribution around the center of the receptive field, based on second moment imaging statistics, as a size measure. For a perfect Gaussian distribution, its width is at least twice as large as its half maximum. As for realistic nonregular, asymmetric shaped receptive field profiles, their circular widths encircle the full long axis of their signal intensities. Last, for the highest eccentricities between 88 and 108, the receptive field sizes show a ceiling effect. For pRF approaches operating on the topography of the receptive field this effect, termed "clipping," has been observed before (Greene et al., 2014; Lee et al., 2013) . For high eccentricities, large parts of the receptive fields shapes are outside the measured topography. During error-minimization, the size of the model Gaussian is then usually reduced until it fits fully into the predefined region of visual space. Measuring the width of the intensity distribution in the current topographic approach does not fully prevent "clipping," however, this approach seems to somewhat minimize the clipping effect.
Although numerical receptive field size estimates are therefore difficult to compare with results from model-based approaches, the overall standard pattern of pRF size increase with eccentricity and visual hierarchy was clearly evident in the current data.
In the current data, the estimated neural populations showed a considerable amount of elongation of their receptive field shape. The degree of elongation was in this case not defined as a ratio between length of long and short axis but rather between integrated signal strength along the axis with the strongest signal and its orthogonal axis, within the previously defined circular receptive field region. Hereby the intensity along the maximum-signal-axis exceeded the intensity along the orthogonal direction on average by 16%-31%, across visual areas. defined by feed forward thalamic projections (Hubel and Wiesel, 1962; Reid and Alonso, 1995) . Although later accounts highlight that inhibitory and excitatory intracortical connections additionally modulate orientation selectivity and tuning (Gardner et al., 1999; Somers et al., 1995) , the degree of elongation of a receptive field is highly correlated with the cells orientation tuning Jones et al., 1987) .
Interestingly, the differences in elongation between the upper and lower visual field in the current data mirrors systematic differences in the proposed orientation selectivity and tuning between the ventral and dorsal visual stream. The distinction between dorsal and ventral visual stream has been associated with the distribution of magnocellular (M) and parvocellular (P) pathways (Maunsell et al., 1990; Shipp and Zeki, 1989) , respectively, which in turn were compartmentalized into thick (M) and thin 1 pale (P) stripes (DeYoe and Van Essen, 1988; Livingstone and Hubel, 1987; Tootell et al., 1983) . Selectivity for a variety of stimulus dimensions was assessed excessively for each of those compartments using single-cell studies. Although the abovementioned segregation of intracellular pathways is far from complete (Gegenfurtner et al., 1996; Tamura et al., 1996) , this distinction seems justified as long as consistent biases toward stimulus selectivity can be associated with specific compartments within the two visual streams (Shipp, 2002; Young, 1992) . Many reports show that cells within thick (M) and pale (P) stripes are highly orientation selective (Blasdel and Fitzpatrick, 1984; Levitt et al., 1994a; Sato et al., 1996) .
However the same cells are far more narrowly tuned within the Ppathway compared to the M-pathway (Levitt et al., 1994b) . This is consistent with the previous notion that receptive field elongation is highly correlated with orientation tuning and the current results of pRFs with higher ellipticities within the upper visual field. Along the visual hierarchy, uniform orientation-selective cells converge to more complex, less orientation selective clusters (Anzai et al., 2007) , hence ellipticity decreases. Furthermore, the orientation tuning seems to broaden by a factor of two along the dorsal pathway (V1->MT) (De Valois et al., 1982; Gizzi, Newsome, & Movshon, 1983) but only by a factor of 0.5 along the ventral pathway (V1->V4) (De Valois et al., 1982; Desimone and Schein, 1987) . These observed differences in orientation selection and tuning along the visual streams are thought to promote form and object processing within ventral occipital and inferior temporal regions (Maunsell, 1992; Van Essen and Gallant, 1994) . Furthermore, the current results describing a general higher ellipticity for parafoveal areas are consistent with reports from single cell recordings showing higher orientation selectivity between 38 and 58 of visual eccentricities compared to eccentricities of <18 (De Valois et al., 1982) . This gradient for elongation might be a result of an increasing overlap of orientation selective cells with different tuning and a general broadening of their tuning toward the fovea (Bartfeld and Grinvald, 1992; Vanduffel et al., 2002) . Alternatively, the density of orientation-selective neurons may decrease at lower eccentricities (Poggio et al., 1975; Zeki, 1983 A very interesting result of the current work is the distinct radial bias for the population receptive field elongation. Previous attempts to describe the direction of elongation of population receptive fields using anisotropic direct-fit models showed a very poor reliability for this parameter (Senden et al., 2014) . However, methods using the topography of the receptive field to extract the direction of elongation, like the current back-projection approach, are believed to be better in the estimation of elongation than direct fit models (Lee et al., 2013) because of the spatial restriction of the analyzed receptive field region.
A high degree of collinearity can be observed between the direction of orientation of the pRFs and their axial position within the visual field. At this point it is very important to note that the neural population response in the current paradigm is not primarily driven by the populations orientation preference but foremost by the spatial position of the stimulus itself. This is an essential difference, as a radial bias for orientation preference for population receptive fields has been described before (Freeman et al., 2011; Sasaki et al., 2006) . In these studies, gabor-patches of different orientation, covering the whole visual field were presented and neural responses toward specific orientations coincided with the respective receptive fields' axial positions. Responses along stripes of visual cortex, representing specific polar angles within the visual field, were driven by evoking a primary orientation response! The current approach however points out that the reverse conclusion holds true as well: Evoking a response at a specific location within the visual field, drives responses in adjacent regions sharing the same polar angle and ultimately similar orientation preference, thereby generating elongated population receptive fields. Single cell studies provide evidence that lateral excitatory connections within the visual cortex are highly specific (Livingstone and Hubel, 1984; Yoshioka et al., 1996) in that cell clusters with similar orientation preference are connected (Gilbert and Wiesel, 1989; Ts'o et al., 1986) . But most interestingly, these connections directly create an association between orientation preference and receptive field elongation by tying together orientationpreference clusters along the region of visual cortex with the same visual polar angle (Bosking et al., 1997; Chapman et al., 1991) . Thus a bijective correspondence between orientation and axial position is created within a recurrent horizontal network of mutual excitation within the visual cortex (Alexander et al., 2004; Alexander and Van Leeuwen, 2010; Ferster and Miller, 2000) . Importantly, the present 
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